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SUMMARY 

F o l l o w i n g  t h e  s u c c e s s f u l  t e s t i n g  o f  t h e  25 kWe Space Power Demonst ra to r  
M (SPD) eng ine  i n  1985, a S t i r l i n g  Space Engine (SSE)  t e c h n o l o g y  advancement p ro-  
co gram was i n i t i a t e d .  The p r o g r a m ' s  o b j e c t i v e  was t o  advance f r e e - p i s t o n  Stirl- M 
M 
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i n g  e n g i n e l a l t e r n a t o r  t e c h n o l o g y  s u f f i c i e n t l y  so t h a t  a S t i r l i n g  eng ine  s y s t e m  
may become a v i a b l e  c a n d i d a t e  for space power a p p l i c a t i o n s .  

E v o l u t i o n  o f  t h e  SSE t e c h n o l o g y  i s  p lanned t o  o c c u r  a t  t h r e e  d i f f e r e n t  
eng ine  h e a t e r  t e m p e r a t u r e  l e v e l s :  650, 1050, and 1300 K. These t e m p e r a t u r e s  
d e f i n e  t h r e e  phases of  t e c h n o l o g y  development w i t h  t h e  first phase i n v o l v i n g  
t h e  650 K SPD eng ine .  
n a r y  d e s i g n  o f  t h e  1050 K eng ine  w i l l  be d i s c u s s e d  i n  t h i s  paper .  

Technology development  of t h e  650 K e n g i n e  and p r e l i m i -  

INTRODUCTION 

The N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  i s  embarked upon a 
S t i r l i n g  space Engine (SSE)  t e c h n o l o g y  improvement program. The i n t e n t  of  t h e  
program i s  t o  advance f r e e - p i s t o n  S t i r l i n g  e n g i n e l l i n e a r  a l t e r n a t o r  component 
and eng ine  t e c h n o l o g y  s u f f i c i e n t l y  so t h a t  a S t i r l i n g  eng ine  s y s t e m  may become 
a v i a b l e  c a n d i d a t e  f o r  space power a p p l i c a t i o n s .  The SSE program i s  a p a r t  o f  
t h e  SP-100 Advanced Technology Program which u l t i m a t e l y  l eads  toward  a 1300 K 
f r e e - p i s t o n  S t i r l i n g  Space Power system. 

The o b j e c t i v e  o f  t h e  SSE program i s  t o  d e v e l o p  t e c h n o l o g y  necessary  t o  
produce a f r e e - p i s t o n  S t i r l i n g  e n g i n e / l i n e a r  a l t e r n a t o r  system t h a t  w i l l  oper -  
a t e  a t  a h e a t e r  t e m p e r a t u r e  of 1300 K and r e j e c t  hea t  t o  a space r a d i a t o r  a t  a 
t e m p e r a t u r e  o f  650 K .  Achievement o f  t h i s  goa l  w i l l  be t h e  c u l m i n a t i o n  o f  a 
t h r e e  phase t e c h n o l o g y  development program e v o l v i n g  eng ine  t e c h n o l o g y  a t  t h r e e  
d i f f e r e n t  h e a t e r  t e m p e r a t u r e s :  650, 1050, and 1300 K. 

The f i r s t  phase o f  t h i s  t e c h n o l o g y  program began w i t h  t h e  des ign ,  f a b r i c a -  
t i o n ,  and t e s t i n g  o f  t h e  650 K Space Power Demonst ra to r  (SPD)  eng ine ,  an eng ine  
t h a t  has caused a d r a m a t i c  advancement i n  f r e e - p i s t o n  S t i r l i n g  techno logy .  
E x t e n s i v e  t e s t i n g  o f  t h e  SPD eng ine  has served t o  d e f i n e  needed improvements 
i n  t h e  des ign  o f  some eng ine  components. 

D i v i s i o n  o f  t h e  opposed-engine SPD i n t o  two s i n g l e - e n g i n e  t e s t - b e d  Space 
Power Research (SPR) eng ines  has now a l l o w e d  component development t e s t i n g  
w i t h  two SPR engines--one a t  Mechanica l  Technology I n c .  ( M T I )  a t  Latham, New 
York and t h e  o t h e r  a t  NASA Lewis .  These SPR eng ines  have been used t o  improve 
t h e  eng ine  components. 
SPR e n g i n e ' s  power p i s t o n  i s  b e i n g  deve loped wh ich  u t i l i z e s  a h i g h  t o r q u e  p e r -  
manent magnet e l e c t r i c  motor t o  s p i n  t h e  p i s t o n .  
d e s i g n  f o r  even tua l  use i n  an advanced 1050 K Exper imen ta l  S t i r l i n g  Space 
(ESS)  eng ine  i s  b e i n g  des igned and w i l l  be f a b r i c a t e d  and then  t e s t e d  on an 

For example,  an hydrodynamic b e a r i n g  system f o r  t h e  

A modular  hea t  exchanger 



SPR eng ine .  C o n s t r u c t i o n  of a L i n e a r  A l t e r n a t o r  Development L a b o r a t o r y  i s  
underway b y  M T I .  New a l t e r n a t o r  s t r u c t u r a l  s u p p o r t  c o n f i g u r a t i o n s  w i l l  be 
deve loped i n  t h i s  l a b o r a t o r y  for  t e s t i n g  i n  SPR eng ines .  A l l  o f  t h e s e  a c t i v i -  
t i e s  a r e  d i r e c t e d  toward  t h e  improvement of S t i r l i n g  eng ine  component t e c h n o l -  
ogy f o r  i n p u t  i n t o  t h e  d e s i g n  of t h e  1050 K eng ines- - the  eng ines  o f  t h e  second 
phase o f  t h e  SSE t e c h n o l o g y  development program. 

Procurement  a c t i v i t y  i s  c u r r e n t l y  i n  p r o g r e s s  toward  t h e  award of a m a j o r  
c o n t r a c t  t o  c a r r y  o u t  t h e  second phase of t h e  SSE program--a 4-year  t e c h n o l o g y  
development program. A t  l e a s t  two ESS eng ines  w i l l  be f a b r i c a t e d  and t e s t e d  
d u r i n g  t h i s  program. I n c l u d e d  i n  t h e  4-year program w i l l  be c o m p l e t i o n  o f  t h e  
conceptua l  d e s i g n  o f  a 1300 K eng ine ,  p r e p a r e d  i n  r e a d i n e s s  f o r  t h e  s t a r t  o f  
t h e  t h i r d  phase o f  t h e  SSE program. 

T h i s  paper  c o n c e n t r a t e s  on  t h e  component t e c h n o l o g y  o f  t h e  650 K SPD (and 
SPR) eng ines  and t h e  p r e l i m i n a r y  d e s i g n  of t h e  1050 K ESS e n g i n e s .  

SPACE POWER DEMONSTRATOR (SPD)  E N G I N E  

D u r i n g  1984, under a c o n t r a c t  from NASA Lewis ,  Mechan ica l  Techno logy  I n c .  
( M T I ) ,  of Latham, New York, des igned,  f a b r i c a t e d ,  and began low p r e s s u r e  t e s t -  
i n g  of t h e  25 kW SPD eng ine ,  a l l  i n  l e s s  t h a n  16 months.  T h i s  e f f o r t  r e p r e -  
sented  a c o n s i d e r a b l e  advancement o f  f r e e - p i s t o n  S t i r l i n g  t e c h n o l o g y .  The i n i -  
t i a l  e l e c t r i c a l  power o u t p u t  of t h e  SPD eng ine  was 4 kWe. S i n c e  t h a t  t i m e ,  
w i t h  i n c r e a s e  i n  h e l i u m  w o r k i n g  f l u i d  p r e s s u r e  and m i n o r  m o d i f i c a t i o n s  t o  
e n g i n e  components, t h e  e n g i n e  has deve loped o v e r  25 kW o f  PV power.  

A s  shown i n  t h e  cut-a-way d r a w i n g  o f  f i g u r e  1 ,  t h e  SPD e n g i n e  i s  a c t u a l l y  
two f r e e - p i s t o n  S t i r l i n g  e n g i n e l a l t e r n a t o r s  c o n s t r u c t e d  i n  an a x i a l l y  opposed 
c o n f i g u r a t i o n .  C o n f i g u r e d  i n  t h i s  manner, t h e  two opposed eng ines  a r e  des igned 
t o  c o u n t e r b a l a n c e  t h e  dynamic f o r c e s  deve loped by  t h e  d i s p l a c e r s  and p i s t o n s .  
D u r i n g  SPD o p e r a t i o n ,  a c c e l e r o m e t e r s  mounted on  t h e  eng ine  h o u s i n g  have meas- 
u r e d  maximum a m p l i t u d e s  (peak- to-peak)  of l e s s  t h a n  0.01 mm wh ich  cor responds 
t o  a "g"  of l e s s  t h a n  0 . 2 .  A p h o t o g r a p h  o f  t h e  SPD eng ine  i s  shown i n  
f i g u r e  2. The eng ine  i s  suspended from t h e  c e i l i n g  by a f l e x i b l e  suspens ion .  
The eng ine  i s  about  1-1/4 m i n  l e n g t h  and about  1 / 3  m i n  d i a m e t e r .  A g e n e r a l  
d e s c r i p t i o n  o f  t h e  eng ine  i s  g i v e n  i n  r e f e r e n c e s  1 and 2 .  

S i n c e  t h e  f irst low p r e s s u r e  t e s t i n g  o f  t h e  SPD e n g i n e  i n  June o f  1985, 
s e v e r a l  m o d i f i c a t i o n s  have been made t o  b o t h  t h e  eng ine  and l o a d  t o  i n c r e a s e  
eng ine  power. These changes i n c l u d e  s u b s t i t u t i o n  o f  a s i n t e r e d  s c r e e n  m a t r i x  
r e g e n e r a t o r  for a loose-screen r e g e n e r a t o r ,  m o d i f i c a t i o n  o f  t h e  h y d r o s t a t i c  
b e a r i n g  gas flow sys tem,  and removal  of a redundant  c u r r e n t  p r o t e c t i o n  d e v i c e .  
A t  t h e  c o m p l e t i o n  o f  performance t e s t i n g  o f  t h e  SPD e n g i n e ,  t h e  e n g i n e  d e v e l -  
oped about  25 kW o f  PV power and 17 kW o f  e l e c t r i c a l  power.  F i g u r e  3 shows 
t h e  r e l a t i o n s h i p  between eng ine  and a l t e r n a t o r  power as a f u n c t i o n  o f  p i s t o n  
a m p l i t u d e  under t h e  c o n d i t i o n s  o f  150 b a r  p r e s s u r e ,  100 Hz f r e q u e n c y ,  and a t  a 
t e m p e r a t u r e  r a t i o  o f  two. The a l t e r n a t o r  e f f i c i e n c y  i s  c o n s i d e r a b l y  l o w e r  
t h a n  t h e  d e s i g n  goa l  o f  93 p e r c e n t .  The a c t u a l  e f f i c i e n c y  ranges from a b o u t  
70 p e r c e n t  a t  100 Hz t o  t h e  h i g h  e i g h t i e s  a t  70 Hz. F o l l o w i n g  c o m p l e t i o n  o f  
per formance t e s t i n g  o f  t h e  SPD e n g i n e ,  t h e  eng ine  was d i v i d e d  t o  produce two 
SPR e n g i n e s .  
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SPACE POWER RESEARCH ( S P R )  ENGINES 

Two SPR e n g i n e s ,  SPRE-1 and SPRE-11,  were d e r i v e d  from t h e  opposed-p is ton  
SPD e n g i n e ,  by  c u t t i n g  t h e  SPD eng ine  i n t o  two p i e c e s  t o  produce h a l f  o f  an 
SPD eng ine  as shown i n  f i g u r e s  4 and 5 .  Based upon computer p r e d i c t i o n s ,  two 
d e s i g n  m o d i f i c a t i o n s  were made t o  t h e  SPR eng ines  t h a t  i n c r e a s e d  t h e  power o u t -  
p u t  s l i g h t l y  i n  compar ison t o  t h e  SPD e n g i n e :  ( 1 )  a r e d u c t i o n  i n  expans ion  
space volume i n  t h e  SPR eng ine  r e l a t i v e  t o  t h e  SPD e n g i n e ,  and ( 2 )  use o f  
t i g h t e r  sea l  c l e a r a n c e s  i n  t h e  SPR e n g i n e ' s  d i s p l a c e r  assembly.  To produce a 
p r e s s u r e  v e s s e l  f o r  t h e  s i n g l e - p i s t o n  SPR eng ine ,  a c l o s u r e  p l a t e  was welded 
t o  t h e  cut -end o f  t h e  half-SPD eng ine .  The c l o s u r e  p l a t e  was des igned t o  
reduce t h e  volume o f  t h e  expans ion  space o f  t h e  SPR eng ine  r e l a t i v e  t o  t h e  
expans ion  space volume o f  t h e  SPD eng ine .  The r e s u l t  o f  per fo rmance t e s t i n g  
o f  S P R E - I  i s  shown i n  f i g u r e  6 .  F o l l o w i n g  t h e s e  t e s t s ,  t h e  S P R E - I  was 
i n s t a l l e d  i n  a c e l l  a t  NASA Lewis Research Center  and i s  b e i n g  used as a t e s t -  
bed eng ine  f o r  component t e c h n o l o g y  development .  S P R E - I 1  i s  b e i n g  u t i l i z e d  i n  
a s i m i l a r  manner a t  M T I .  

The SPR eng ines  a r e  unbalanced eng ines  t h a t  must be a t t a c h e d  t o  a l a r g e  
s e i s m i c  mass or v i b r a t i o n  absorber  t o  reduce t h e  v i b r a t i o n  a m p l i t u d e  o f  t h e  
e n g i n e  c a s i n g  t o  a c c e p t a b l e  l e v e l s .  I n i t i a l l y ,  w h i l e  development  o f  a v i b r a -  
t i o n  a b s o r b e r  was i n  p r o g r e s s ,  S P R E - I  was a t t a c h e d  t o  an approx imate  2 - t o n  
mass t o  reduce t h e  peak-to-peak v i b r a t i o n  a m p l i t u d e  o f  t h e  c a s i n g  t o  a b o u t  
3 m i l s .  F i g u r e  5 i s  a photograph showing S P R E - I  on  t e s t  w h i l e  a t t a c h e d  t o  t h e  
s e i s m i c  mass. The v i b r a t i o n  absorber  t h a t  i s  i n t e n d e d  f o r  use w i t h  t h e  SPR 
eng ines  i s  shown i n  f i g u r e  7 w h i l e  b e i n g  t e s t e d  on  a L i n g  shaker .  

COMPONENT DEVELOPMENT WITH SPR E N G I N E S  

Both  SPR eng ines  a r e  b e i n g  used as t e s t - b e d  eng ines  t o  d e v e l o p  e n g i n e  com- 
The f o l l o w i n g  compo- ponents  f o r  use i n  t h e  advanced S t i r l i n g  Space Engines.  

n e n t  development  a c t i v i t i e s  a r e  c u r r e n t l y  i n  p r o g r e s s :  

A1  t e r  na tor  Deve 1 opmen t 

S P R E - I 1  e n g i n e  components were used by  M T I  t o  per fo rm a l t e r n a t o r  d iagnos-  
t i c  t e s t s  t o  d e f i n e  a l t e r n a t o r  l o s s e s .  Wi th  t h e  p i s t o n / p l u n g e r  h e l d  f i x e d  t o  
p r e v e n t  i t s  m o t i o n ,  t h e  s t a t o r  c o i l  was e l e c t r i c a l l y  e n e r g i z e d  w h i l e ,  one-by- 
one, t h e  a l t e r n a t o r  s t r u c t u r a l  e lements were removed and t h e  change i n  e l e c -  
t r i c a l  power r e q u i r e d  t o  e n e r g i z e  t h e  c o i l  was measured. T h i s  change i n  
e l e c t r i c a l  power was a measure of t h e  power loss i n  t h a t  p a r t i c u l a r  e lement .  
I n  t h i s  manner, t h e  power loss a s s o c i a t e d  w i t h  a l l  a l t e r n a t o r  s t r u c t u r a l  e l e -  
ments was measured. F i g u r e  8 l i s t s  t h e  s t r u c t u r a l  e lements  t h a t  were t e s t e d  
and i l l u s t r a t e s  t h e  e f f e c t  o f  t h i s  power loss upon e n g i n e  e f f i c i e n c y .  

Hydrodynamic B e a r i n g  

Development o f  t h e  p i s t o n  hydrodynamic b e a r i n g  system i s  b e i n g  accom- 
p l i s h e d  i n  p a r a l l e l  w i t h  t h e  a l t e r n a t o r  work because s e v e r a l  o f  t h e  same 
eng ine  e lements  a r e  common t o  b o t h  b e a r i n g  system and a l t e r n a t o r .  For exam- 
p l e ,  t h e  l a m i n a t i o n s  o f  t h e  i n n e r  s t a t o r  were n o t  u n i f o r m  o v e r  t h e  c i r c u m f e r -  
ence o f  t h e  s t a t o r .  T h i s  caused a cogg ing  e f f e c t  t h a t  made r o t a t i o n  o f  t h e  

3 



p i s t o n / p l u n g e r  d i f f i c u l t .  The m o d i f i e d  S P R E - I 1  uses a u n i f o r m  i n n e r  s t a t o r .  
R o t a t i o n  o f  t h e  p i s t o n / p l u n g e r  i s  accompl ished w i t h  a permanent magnet e l e c t r i -  
c a l  motor. F i g u r e  9 i s  a photograph showing a low p r e s s u r e  (ambien t  a i r )  
hydrodynamic b e a r i n g  t e s t  i n  p r o g r e s s .  

Heat Exchanger Module 

The d e s i g n  o f  a modular  hea t  exchanger o f  t h e  t ype  t h a t  w i l l  be used on 
t h e  advanced S t i r l i n g  Space Engine i s  underway. The hea t  exchanger  w i l l  use a 
sodium h e a t  p i p e  t o  t r a n s p o r t  hea t  from a common hea t  source i n t o  each mod- 
u l e .  The o v e r a l l  h e a t  exchanger ,  c o n s i s t i n g  o f  about  20 such modules,  w i l l  
t hen  be f a b r i c a t e d  and t e s t e d  on an SPR eng ine .  Data from these t e s t s  w i l l  be 
used f o r  t h e  des ign  o f  a c t u a l  S t i r l i n g  Space Engine Heat exchangers.  

STIRLING SPACE E N G I N E  ( S S E )  TECHNOLOGY DEVELOPMENT PROGRAM 

Conceptual  Des ign  o f  an Exper imen ta l  S t i r l i n g  Space ( E S S )  Engine 

The s t a r t  o f  t he  second phase o f  t h e  SSE program began w i t h  t h e  concep- 
t u a l  d e s i g n  o f  t h e  ESS eng ine  by Sunpower o f  Athens,  Oh io .  The ESS e n g i n e  i s  
a s i n g l e - p i s t o n ,  s i n g l e - d i s p l a c e r  d e s i g n  u s i n g  an a d a p t i v e  dynamic b a l a n c e  
u n i t  t o  m i n i m i z e  f o r c e s  t r a n s m i t t e d  t o  the suppor t  s t r u c t u r e .  A d r a w i n g  o f  
t h e  eng ine  i s  shown i n  f i g u r e  10. The ESS eng ine  i n c l u d e s  s e v e r a l  s i g n i f i c a n t  
t e c h n o l o g y  advances o v e r  t h e  SPD eng ine .  F i g u r e  1 1  l i s t s  these advances. 
Some ESS eng ine  d e s i g n  parameters  a r e  l i s t e d  i n  f i g u r e  12. 

ESS Engine 

A m a j o r  c o n t r a c t  w i l l  be awarded f o r  t h e  des ign ,  f a b r i c a t i o n ,  and t e s t i n g  
o f  a t  l e a s t  two ESS eng ines .  E a r l y  i n  t h e  c o n t r a c t  p e r i o d ,  p r e l i m i n a r y  des igns  
o f  t h e  ESS eng ine ,  c o n f i g u r e d  as a s i n g l e - p i s t o n  eng ine  and as an opposed- 
p i s t o n  eng ine  ( s i m i l a r  t o  t h e  SPD e n g i n e ) ,  w i l l  be p repared .  The two eng ine  
c o n f i g u r a t i o n s  w i l l  t hen  be e v a l u a t e d  and compared on t h e  b a s i s  o f  t h e  a b i l i t y  
o f  each eng ine  c o n f i g u r a t i o n  t o  b e s t  m e e t  t h e  o b j e c t i v e  o f  t h e  SSE program. 
F o l l o w i n g  t h i s  assessment,  o n l y  one o f  t h e  eng ine  c o n f i g u r a t i o n s - - e i t h e r  t h e  
s i n g l e - p i s t o n  ESS eng ine  d e s i g n  or t h e  opposed-p is ton  ESS eng ine  d e s i g n - - w i l l  
be s e l e c t e d  fo r  f a b r i c a t i o n  o f  t he  ESS eng ines  o f  t he  SSE program. 

The conceptua l  d e s i g n  o f  t h e  s i n g l e - p i s t o n  ESS w i l l  be t h e  s t a r t i n g  p o i n t  
f o r  t he  c o n t r a c t  e f f o r t .  The s i n g l e - p i s t o n  ESS eng ine  h e a t  exchanger i s  made 
up o f  40 hea t  exchanger modules.  Each module c o n s i s t s  o f  a h e a t e r ,  regenera-  
to r ,  and cooler encased i n  a s i n g l e  t u b u l a r  s t r u c t u r e .  Heat p i p e s ,  u s i n g  
sodium w o r k i n g  f l u i d ,  w i l l  be used t o  t r a n s f e r  hea t  f r o m  t h e  hea t  source  i n t o  
t h e  hea t  exchanger module h e a t e r .  A pumped l o o p  may be used t o  r e j e c t  h e a t  
from t h e  hea t  exchanger module c o o l e r .  A t y p i c a l  hea t  exchanger module i s  
shown i n  f i g u r e  13. F i g u r e  14  i l l u s t r a t e s  how a hea t  p i p e  may be i n t e g r a t e d  
i n t o  t h e  h e a t e r  s e c t i o n  o f  t h e  module.  Complete hea t  exchanger modules w i l l  
be f l o w - t e s t e d  under b o t h  s teady  s t a t e  and o s c i l l a t o r y  f l o w  t o  v e r i f y  d e s i g n  
parameters .  

Hydrodynamic gas b e a r i n g s  w i l l  be used t o  suppor t  a l l  t h r e e  r e c i p r o c a t i n g  
components ( d i s p l a c e r ,  power p i s t o n ,  and ba lance u n i t  p i s t o n ) .  
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Endurance Test 

The second phase of the SSE program is expected to be concluded with the 
fabrication of an Endurance Stirling Space (ENSS) engine. The design of the 
ENSS engine will be based upon an upgraded ESS engine design that was achieved 
by technology advancements derived from ESS engine testing. The ENSS engine 
will incorporate space system-compatible heat input, heat rejection, power con- 
ditioning, and engine control systems. To complete this phase of the program, 
the ENSS engine is expected to be given an 8000 hr endurance test. 

HIGH TEMPERATURE STIRLING SPACE (HTSS) ENGINE 

The HTSS engine will be designed to have a heater temperature of 1300 K 
and a cooler temperature of 650 K .  During the second phase of the SSE pro- 
gram, the conceptual design of the HTSS engine will be carried out to serve as 
a guide for the development of components, materials, and joining processes 
needed before actual design and fabrication of the engine can take place. The 
HTSS engine design will serve as the baseline for the start of the third phase 
of the SSE program--design, fabrication, and testing of the 1300 K engine. 

SCALING STUDY 

Large amounts of electrical power are expected to be needed for space 
applications with future space platforms requiring hundreds to thousands of 
ki lowatts. Free-pi ston Sti rl i ng engi ne/al ternator systems operated to date 
(the SPD engine) have only generated power levels of the order of 10 kWe/cylin- 
der. Clearly, it is important to determine the feasibility of fabricating 
such an engine with electrical output of the order of 100 kwelcylinder or 
better. 

A contract has been awarded to MTI, and considerable work has already 
been completed, in a scaling study work effort to investigate whether single- 
cylinder free-piston Stirling enginellinear alternator systems can be designed 
in the 100 to 150 kwelcylinder power range. Relationships between engine effi- 
ciency, engine specific mass, temperature ratio, and power output will also be 
determined. The study will cover a power range between 2 5  kWe through 150 kWe/ 
cylinder and a temperature ratio range from 1.7 to 3.0. Recommendations will 
be made, if appropriate, for configurations other than single-cylinder engines 
with linear alternators (i.e., hydraulic, etc.). If, during the study, it 
becomes apparent that single cylinder power levels greater than 150 kWe appear 
to be feasible, an option of the study is to define the design of an engine 
capable of producing the maximum power per cylinder. 
requirements for the free-piston Stirling engine/linear alternator are: (1) a 
heater wall temperature of 1050 K,  ( 2 )  a design life of 60 000 hr, ( 3 )  the use 
of helium as the working fluid, and ( 4 )  a specific mass range o f  5 to 8 kg/k#e. 
Figure 15 outlines the scope of the work being considered under this study. 

Some initial design 

CONCLUDING REMARKS 

The first phase of the three phase Stirling Space Engine technology 
improvement program is nearly completed with the successful testing of the 
650 K SPD engine at a nominal PV power output of 25 kW, operating at a 
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f r e q u e n c y  o f  100 Hz a t  a t e m p e r a t u r e  r a t i o  o f  two. The two 
have been d e r i v e d  from t h e  opposed-p is ton  SPD e n g i n e  a r e  be 
t h e  l i n e a r  a l t e r n a t o r ,  gas b e a r i n g s ,  and h e a t  exchangers o f  
p r o v i d e  d e s i g n  d a t a  f o r  t h e  second phase S t i r l i n g  Space Eng 

A m a j o r  c o n t r a c t  w i l l  soon be awarded by NASA t o  c a r r y  

a l s o  be completed d u r i n g  t h i s  second phase t o  g u i d e  
ogy s u f f i c i e n t l y  so t h a t  a 1300 K e n g i n e  can be f a b r  
t h e  t h i r d  phase o f  t h e  SSE program. 

SP-R eng ines  t h a t  
rig used t o  advance 
t h e  eng ines  and t o  
nes .  

o u t  an approx imate  
4-year e f f o r t  f o r  t h e  second phase o f  t h e  SSE t e c h n o l o g y  improvement program. 
A t  l e a s t  two E x p e r i m e n t a l  S t i r l i n g  Space ( E S S )  eng ines  w i l l  be f a b r i c a t e d  and 
t e s t .  The h e a t e r  heads o f  these eng ines  w i l l  o p e r a t e  a t  a tempera ture  o f  
1050 K. Heat t r a n s p o r t  i n t o  t h e  h e a t e r  head w i l l  be by h e a t  p i p e .  F i n a l  
eng ine  t e s t i n g  i s  expec ted  t o  i n v o l v e  an 8000 h r  endurance t e s t  o f  an advanced 
eng ine  i d e n t i f i e d  as t h e  Endurance S t i r l i n g  Space ( E N S S )  eng ine .  A p r e l i m i -  
n a r y  d e s i g n  o f  a 1300 K f r e e - p i s t o n  S t i r l i n g  e n g i n e / l i n e a r  a l t e r n a t o r  w i l l  

he advancement o f  t e c h n o l -  
c a t e d  and t e s t e d  d u r i n g  

A s c a l i n g  s t u d y  i s  n e a r i n g  c o m p l e t i o n  t o  determ ne t h e  f e a s i b i l i t y  o f  a 
100 t o  150 k W e / c y l i n d e r  f r e e - p i s t o n  S t i r l i n g  e n g i n e j a l t e r n a t o r  system. 
o f  t h i s  s i z e  a r e  e x p e c t e d  t o  be needed t o  g e n e r a t e  t h e  l a r g e  amounts o f  e l e c -  
t r i c a l  power needed f o r  f u t u r e  space p l a t f o r m s .  

Engines 

A c l e a r  p a t h  for e n g i n e  and component t e c h n o l o g y  development has been 
d e f i n e d  t h a t  i s  expec ted  t o  p r o v i d e  f r e e - p i s t o n  S t i r l i n g  e n g i n e / l i n e a r  a l t e r n a -  
to r  t e c h n o l o g y  advancements necessary  f o r  t h e  e n g i n e  t o  become a v i a b l e  c a n d i -  
d a t e  for space power a p p l i c a t i o n s .  
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c\. '. DISPLACERS 7 

WSPLACER GAS SPRINGS 

!POWER PISTON AND ALTERNATOR PLUNGER 

FIGURE 1 .  - SPACE POWER DEMONSTRATOR ENGINE. 

FIGURE 2. - 25 KWE SPACE POWER DEMONSTRATOR ENGINE (SPDE) AT MECHANICAL 
TECHNOLOGY INC. 
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FIGURE 4 .  - HALF OF 25 KWE SPDE. 
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FIGURE 5.  - SPRE-I ON TEST. 2-TON SEISMIC MASS ATTACHED TO REDUCE VIBRATION AMPLITUDE. 

ENGINE PRESSURE: 150 BAR 
TEMPERTURE RATIO: 2 

I- 

O SPRE TEST DATA 

DESIGN TOLERANCE RANGE OF DIS- 

10 

PI 

n 

B I  PLACER SEAL CLEARANCES) 
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FIGURE 7. - VIBRATION ABSORBER FOR SPR ENGINES. 

0 ALTERNATOR EFFICIENCY IS SIGNIFICANTLY BELOW DESIGN 
(70 PERCENT VERSUS 93 PERCENT) 

0 FLUX LEAKAGE TO SURROUNDING STRUCTURE AT 
HIGH FREQUENCY IS INDICATED 

0 MEASUREMENTS AT 100 HERTZ IDENTIFY LOSSES IN: 
0 CYLINDER 9.5 EFFICIENCY POINTS 
0 JOINING RING 9.3 

STATORS 6.3 

PRESSURE VESSEL 5.5 

PLUNGER 4.2 

TUNING CAPACITORS 0.2 

TOTAL MEASURED EFFICIENCY: 
POINT LOSSES 35 

0 ENGINEIALTERNATOR TEST EFFICIENCY: 
POINT LOSSES 30 

FIGURE 8 .  - MEASURED SPR ENGINE ALTERNATOR LOSSES. 
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FIGURE 9. - TEST OF PISTON HYDRODYNAMIC BEARING OF SPRE-I1 
IN AMBIENT AIR CONDITIONS. 

NAK 
BALANCE UNIT 7 

HEAT EXCHANGER MODULE 
\ (-40 TOTAL) (HEATER- ALTERNATOR \ 

CD-87-24613 REGENERATOR-COOLER ) SUPPORT STRUCTURE 

FIGURE 10. - EXPERIMENTAL STIRLING SPACE ENGINE. 
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FULLY-OPTIMIZED AND DESIGNED FOR SPACE POWER (LABORATORY 
VERSION) 

0 OPERATION AT SUPERALLOY TEMPERATURES APPROPRIATE FOR SPACE 
POWER - THOT AND TcOLD 

0 LIQUID METAL HEAT PIPES FOR HOT-END HEAT TRANSPORT 

0 SIMPLIFIED HEAT EXCHANGER MODULES TO SIGNIFICANTLY REDUCE 
NUMBER OF FABRICATION JOINTS 

0 HYDRODYNAMIC GAS BEARINGS 

0 IMPROVED ALTERNATOR DESIGNS - FOR HIGH TEMPERATURE: 
POSSIBLY NO TUNING CAPACITORS REQUIRED 

0 ADAPTIVE DYNAMIC BALANCE SYSTEM FOR SINGLE-CYLINDER ENGINE 

0 FACTOR OF 2 INCREASE I N  POWER OUTPUT PER CYCLE. 

FIGURE 11. - TECHNOLOGY ADVANCES OF THE ESS ENGINE DESIGN 
FROM THE SPD ENGINE DESIGN. 

0 ALTERNATOR OUTPUT POWER 25 KWE 

0 ENGINE SYSTEM EFFICIENCY 30% 

0 HEATER TEMPERATURE 1050 DEG K 

0 COOLER TEMPERATURE 525 DEG K 

0 MEAN PRESSURE (HELIUM) 185 BAR 

90 Hz 0 OPERATING FREQUENCY 

0 SPECIFIC MASS 5.5 K G I K W E  

FIGURE 12. - CONCEPTUAL DESIGN PARAMETERS FOR THE 
25 KWE ESSE. 

CONTAIWIENT TUBE 

FIGURE 13. - TYPICAL ESS ENGINE HEAT EXCHANGER MODULE. 
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/-HEAT PIPE CONDENSOR 
I 

I / rHEATER MODULE 
I $ REACTOR WORKING FLUID 

REGENERATOR7 / I  / 

\ "-REFRACTORY ALLOY 
CLAD EVAPORATOR 

SUPERALLOY HEAT PIPE 

PRESSURE VESSEL/ 
MANIFOLD -+- ENGINE DISPLACER 

- 

3 

FIGURE 14. - CONCEPT FOR INTEGRATION OF HEAT PIPE INTO HEAT 
EXCHANGER MODULE. 

0 DETERMINE DESIGN FEASIBIL ITY OF SINGLE-CYLINDER FPSE-LA 
I N  THE 150 KWE RANGE 

0 ESTABLISH PARAMETERIC RELATIONSHIPS 
0 PERCENT CARNOT EFFICIENCY VERSUS SPECIFIC MASS AT 

TEMPERATURE RATIO AND POWER RANGE 

0 ASSESS PROMISING ALTERNATIVE STIRLING CONFIGURATIONS 

0 AWARD OPTIONS 

FIGURE 15. - SPACE POWER FREE-PISTON STIRLING ENGINE SCALING 

REPEAT STUDY FOR ALTERNATE CONFIGURATION 

CONDUCT DESIGN OF HIGH POWER SYSTEM 

DETERMINE MAXIMUM POWER--BEYOND 150 KWE 

STUDY. 
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